It is argued that a fundamental time-asymmetry (arrow-of-time) could arise from the global structure of the space manifold. The proposed mechanism relies on the CPT anomaly of chiral gauge theory defined over a nonsimply connected space manifold. The resulting time-asymmetry is illustrated by a simple thought experiment. This effect could, in principle, play a role in determining the initial conditions of the big bang.
Introduction.-Examining the various time-asymmetries present at the macroscopic level, Penrose [1] arrived at the following question: "what special geometric structure did the big bang possess that distinguishes it from the time-reverse of the generic singularities of collapse -and why?" He then proposed a particular condition (the vanishing of the Weyl curvature tensor) to hold at any initial singularity. Whatever the precise condition may turn out to be, the crucial point is that this condition would not hold for final singularities. This implies that the unknown physics responsible for the initial singularity necessarily involves T, PT, CT, and CPT violation [2] . But, in that paper, Penrose did not make a concrete proposal for the physical mechanism responsible for this hypothetical T and CPT noninvariance. (For a later discussion on the possible role of quantum gravity, see Ref. [3] .) Here, we suggest the possible relevance of a mechanism that does not involve gravitation directly, but does depend on the global structure (topology) of space. The mechanism is that of the so-called CPT anomaly [4, 5] , which occurs for a class of chiral gauge theories that includes the Standard Model of elementary particle physics (modulo a condition on the ultraviolet regularization, see below).
In the rest of this Letter, we first recall the basic features of the CPT anomaly as it applies to Standard Model physics. We then present a thought experiment (i.e., construct a "clock") that would, in principle, be able to distinguish the initial and final singularity.
Throughout, we use natural units with = c = 1, except when stated otherwise [6] .
Modified Maxwell theory.-It is our goal to remain as close as possible to known physics.
In addition, we prefer to give a single concrete example, rather than to list all possibilities and confuse the reader. We, therefore, proceed in three steps. [The general reader may skip ahead to Eq. (6), which gives the action of the modified Maxwell theory used later on.] First, consider the SU(3) × SU(2) × U(1) Standard Model as embedded in the SO (10) gauge theory with left-handed Weyl fermions in three spinor representations of SO (10) .
That is, the three families (N fam = 3) of known left-handed quarks and leptons, together with three hypothetical left-handed antineutrinos, are grouped into three 16 representations of the SO(10) gauge group [7] . The Higgs fields are not important for our purpose. In short, the chiral gauge theory considered has gauge group G and left-handed fermion representation R L given by (G, R L ) = (SO(10), 16 + 16 + 16) .
2 Second, take the spacetime manifold M to be
with Cartesian coordinates
The vierbeins (tetrads) are chosen to be trivial and give the usual Minkowski metric:
with η ab ≡ diag(−1, 1, 1, 1). The gauge and fermion fields of the SO(10) theory (1) are periodic in x 3 with period L.
Third, make the regularizations of all three matter multiplets (1) essentially the same, but with the first and second families (i.e., the electron-and muon-type families) giving cancelling contributions to the CPT anomaly, so that only the contribution of the third (tau-type) family remains. For the simple regularization used in Ref [4] , the integer n entering the anomalous term (see below) has then the value
with ultraviolet Pauli-Villars cut-offs Λ (f ) 0
for the x 3 -independent modes of the fermionic fields contributing to the effective action. [The particular ultraviolet regularization at this level can perhaps be traced to a more fundamental theory, e.g., quantum gravity.] The reason for embedding the Standard Model with N fam = 3 into the SO(10) theory (1) is that n is now guaranteed to be nonzero; see Refs. [4, 5] for further details.
The chiral gauge theory as defined by Eqs. (1)-(5) turns out to have a Chern-Simons-like term in the effective action for the SO(10) gauge field, which breaks Lorentz invariance and also T and CPT invariance. This term, which is proportional to n/L, has been discussed in great detail in Refs. [4, 5] . (Note that the Lorentz and CPT noninvariance have also been observed in a class of exactly solvable models in two spacetime dimensions [8] .)
If we now focus on the electromagnetic U(1) gauge field a µ (x) embedded in the SO (10) gauge field, we have the following local terms in the effective action at low energies:
with the Maxwell field strength f µν ≡ ∂ µ a ν −∂ ν a µ , the completely antisymmetric Levi-Civita symbol ǫ κλµν , and the Chern-Simons mass parameter
in terms of the fine-structure constant α ≡ e 2 /(4π) and the size L of the compact dimension.
The precise numerical factor in the definition of m depends on the integer n as given by Eq.
(5) and also on the details of the unification and the running of the coupling constant.
The effective action (6) describes the propagation of electromagnetic waves in vacuo, taking into account the effects of virtual fermions (i.e., those of the chiral SO(10) theory).
The scattering of light on a mirror, say, is still described by the usual interactions of quantum electrodynamics, at least to leading order in α.
Circularly polarized light pulses.-The propagation of light according to the Maxwell-Chern-Simons (MCS) theory (7) has been studied classically in Ref. [9] and quantum mechanically in Ref. [10] . Here, we are primarily interested in the propagation of pulses of circularly polarized light.
Specifically, we consider light pulses propagating approximately along the x 2 axis, that is, with wave vector k obeying
The corresponding group velocities for left-and right-handed wave packets have been calculated in Ref. [5] . For wave vectors (9), the magnitudes of the different group velocities
For the MCS theory (7), the group velocity is, in general, less or equal to 1. Moreover, the front velocity (v f ≡ lim | k|→∞ | v phase | ) is 1 in all directions and defines c ; cf. Ref. [10] .
For future reference, we mention that circularly polarized light pulses traveling along the 
We are now ready to construct our "clocks."
Two clocks.-The type of clock we have in mind is a simple variation of the "lightclock" discussed by Feynman [11] , for example. Our first clock C consists of a single pulse of circularly polarized light reflecting between two heavy mirrors, M 1 and M 2 , placed inside a vacuum chamber. The two mirrors are parallel to each other and separated by a fixed distance D along the x 2 axis (actually, slightly displaced in the x 3 direction, so as to give the wave vectors (9) from above); see Fig. 1a .
The source (not shown in Fig. 1a) gives a right-handed light pulse moving towards the right, that is, in the positive x 2 direction. The pulse then oscillates between the mirrors M 1 and M 2 and the "ticks" of the clock correspond to the light pulse bouncing off the mirror M 1 , say [12] . (With each reflection the pulse loses some energy, which is picked up and amplified by an unspecified device.) The spacetime diagram corresponding to clock C is shown in Fig. 2a . For the MCS theory (7) , the ticks of the clock C are given by (c ≡ 1)
according to Eq. (10a).
We also construct a T-reversed copy C ′ of the original clock C, that is, with all motions reversed (T stands for the time-reversal operator [13] ). Concretely, the source of clock C is turned around, so that the initial right-handed pulse starts off to the left. The precise nature of the mirrors in the clock C ′ is relatively unimportant for the effect we are after and we simply consider them to be the same as those of the clock C [14]. Clock C ′ is shown in Fig. 1b and the corresponding spacetime diagram in Fig. 2b . According to Eq. (10b), the light pulse in clock C ′ travels slower than the one in C, so that the ticks are longer,
provided the Chern-Simons mass parameter m is nonzero and positive; cf. Eqs. (6)- (8) .
Note that if both clocks C and C ′ are turned by 90 degrees around the x 1 axis (so that the light pulses travel exactly along the x 3 axis), the ticks become equal, according to Eq. (11) . But the fact remains that the two clocks C and C ′ , in the position shown in Fig. 1 , would run differently for the MCS theory [15] .
Big bang vs. big crunch.-The two clocks from above provide an alternative to the ones discussed implicitly by Aharony and Ne'eman [16] , which were based on the behavior of the K 0 −K 0 system with hypothetical CPT violation. As shown by these authors, the K 0 −K 0 system (with nonzero CPT-violating parameter δ) could distinguish between an expanding universe and the time-reversed copy (i.e., a contracting universe), even if the definition of matter/antimatter was left open. The same holds for our clocks C and C ′ (Figs. 1a and   1b ), as long as the matter is described by a chiral gauge field theory like the one of Eq. (1) and the space manifold is nonsimply connected [17] .
Clock C running an instant after the big bang and clock C ′ running the same instant before the big crunch would give different readings; cf. Eqs. (12) and (13) . Therefore, the physics near the initial singularity and the physics near the final singularity would be different, even if the final singularity were a time-reversed and time-translated copy of the initial singularity [16]. This fundamental time-asymmetry is precisely one of the ingredients of the new physics discussed by Penrose [1] .
Of course, we do not claim that the CPT anomaly necessarily plays a role in distinguishing the big bang singularity of our own universe. After all, we do not know for sure that the actual spacetime manifold is nonsimply connected (the topology of the spacetime manifold could very well be R 4 or R × S 3 ). But, in principle, the large-scale structure of spacetime could play a role in determining the fundamental time-asymmetry at the initial singularity.
[14] For the different spacetime manifold M = R × S 1 × S 1 × S 1 , the mirrors are not even necessary. Choosing an appropriate ratio |k 2 |/|k 3 |, the light pulse simply returns to its starting point because of the topology of the space manifold.
[15] A different behavior of the clocks C and C ′ would certainly be a more direct observation [17] More precisely, the spacetime manifold should have a separable compact spatial dimension (coordinate x 3 ); see Ref. [4] . An example in the present context would be the 
